Biopolymer scaolds have great therapeutic potential in the eld of tissue engineering due to the large interconnected porosity and natural biocompatibility of the polymers. Using an ice templated technique, where collagen is concentrated into a porous network by ice nucleation and growth, scaolds with anisotropic pore architecture can be created, mimicking natural tissue environments such as tendon or cardiac muscle. This paper describes a systematic set of experiments which have been undertaken to understand the eects of local temperature control on the anisotropy and architecture of ice templated biopolymer scaolds. The scaolds within this study were at least 10 mm in all dimensions, making them applicable to critical sized defects for biomedical applications. It was found that monitoring the temperature within slurry at specic locations during freezing was critical to predicting anisotropy of scaold architecture. Aligned porosity was produced only when the temperature at nucleation was above the equilibrium freezing temperature (0°C ) in parts of the slurry volume. Thus, the key to creating scaold anisotropy is that the local cooling rates within the liquid slurry are suciently dierent to ensure that freezing equilibrium temperature is not reached thoughout the slurry volume at nucleation. This principal was valid over a range of collagen slurries, for the rst time demonstrating that by monitoring the temperature within slurry during freezing, scaold anisotropy with ice templated scaolds can be predicted.
Introduction
The focus of tissue engineering is to create environments which encourage cells to heal damaged tissue without a loss of functionality. While work has been done to elucidate and replicate the chemical environment in which cells reside, less is known about how architectural cues aect cells. However, a growing body of evidence suggests that three-dimensional scaold structures may be critical to induce cellular organization and replicate anisotropic tissues, such as muscle [1] .
Freeze drying is one highly versatile technique used to create scaolds with architectures ranging from pore size distributions, aligned, and even radial pore structures [2, 3, 4, 5] . During the freeze drying process, which consists of freezing a water based suspension then removing the ice via sublimation, scaold architecture is determined by ice crystal growth. As the ice crystals grow, they push aside the solid phase, consisting of large polymer chains and smaller solutes, concentrating it in the volume between the growing crystals. Once the ice is subsequently removed, only a porous skeleton is left which mirrors the ice structure. Thus, the scaold architecture produced is limited to structures which can be created by ice nucleation and growth.
Scaold architecture is directly related to where and when ice nucleation occurs, as nucleation is the key step of the freezing process [6, 7] . As the rst step in solidication, nucleation is a stochastic process, 1 which can occur globally throughout the entire volume, or locally in specic regions of the sample, leading to anisotropic crystal structures [8] . In order to oset the decrease in entropy accompanying the transition from a liquid to a solid, the formation of primary nuclei does not occur at the equilibrium freezing temperature, 0°C for the ice-water system, but at temperatures below equilibrium [9, 10] . The formation of stable nuclei is accompanied by latent heat release which brings the temperature back to the equilibrium freezing temperature, whereupon crystal growth takes over [9] .
The freeze drying process has many parameters which can be controlled to inuence ice nucleation and growth, reected in the nal scaold pore structure. It is important to note that a change in processing parameters does not translate directly to a change in the local thermal events within the suspension, as demonstrated by O'Brien et al [11] . Variables which can be controlled are termed 'set' variables and include: set freezing temperature, set cooling rate, and mold design. While set freezing temperature and moderate changes to set cooling rate, between 0.6 -4.1°C/min, can change pore size, they cannot induce anisotropic structures [12, 13] . However, radically altering the cooling rate, such as quenching with liquid nitrogen, can change where nucleation occurs and lead to anisotropic pore structures [14] . While set parameters have been explored to produce scaolds with varying architecture, surprisingly little attention has been given to relating local thermal events, such as nucleation temperature, freezing time and cooling rate, to scaold structure.
This study sought to understand the local changes in thermal parameters during freezing of collagen slurries and use them to predict microstructure. We hypothesized that monitoring the local thermal behavior of slurry during freezing would provide the underlying principal repsonsible for scaold anisotropy, and lead to a more robust way to predict scaold anisotropy than the manipulation of external set parameters. As far as we are aware, this is the rst systematic investigation into the underlying mechanisms leading to scaold architecture in collagen slurry. With greater understanding of the mechanisms controlling scaold architecture, more complex tissue engineered constructs should be possible, a signicant step towards mimicking the in vivo environment.
Materials and Methods

Scaold Production
Suspensions of 1wt% and 0.5 wt% collagen were prepared by hydrating bovine Achilles tendon, type I collagen (Sigma Aldrich) in 0.05M acetic acid, adjusted to pH 2. Slurries were homogenized at 13,500 rpm for 30 minutes in an ice water bath (VDI 25, VWR International Ltd, UK), and centrifuged (Hermle Z300) for 5 minutes at 2500 rpm.
Prepared suspensions were poured into a perspex mold with a standard cylindrical shape: inside diameter of 22 mm and a height of 30 mm, Figure 2 . As perspex has a similar thermal diusivity to water (within 25%), the mold was designed to have thick outer walls to ensure that a radial temperature gradient was established within the mold walls and not the slurry [15, 16] . Therefore, within the slurry, only axial temperature gradients were generated. In this way, the lling height of the slurry was the only factor aecting the temperature gradients produced within the slurry volume. This was veried by a rst order simulation of the conductive cooling, and is ilustrated schematically in Figure 1 . Temperature measurements made at each point in the slurry were thus representative of bulk at a specic lling height. During the study, the lling height was varied from 5, 10, 15, and 20 mm, corresponding to volumes of 1.9, 3.8, 5.7, and 7.6 The shelf temperature (T 3 ), is the minimum temperature within the system: T 3 < T 2 < T 1 . Thus thermal measurements made within the slurry at the mold edges were representative of the freezing behavior at the center of the slurry as well. ml respectively. The slurry was cooled, at a rate of 0.9°C/min, to -30°C and held for 90 minutes, then lyophilized using a Virtis freeze drier (SP Industries, USA) at 0°C for 20 hours under a vacuum of less than 100 mTorr.
Scanning Electron Microscopy
All scanning electron microscopy images were taken using a JEOL 820, with a tungsten source, operated at 10 kV. Cross-sections of the collagen scaolds were sputter coated for 2 minutes with platinum, at a current of 40 mA prior to imaging. Micrographs from two separate scaolds were compared to verify reproducibility.
Pore Size Analysis
Pore size analysis was performed on scaold images obtained via X-ray micro-tomography (Skyscan 1072).
Scans were taken at a magnication of 75x, with a voltage of 25kV, current of 132μA, and exposure time of 7.5 seconds. Reconstructions were performed with the software program NRecon, part of the Skyscan system. Average pore size was determined by line-intercept method. After verifying that the scaold had consistent pore architecture via scanning electron microscopy, twelve sections from each scaold were analyzed, with three lines per image. Pore size analysis was only done on scaolds which had isotropic, equiaxed pore architecture.
Thermal Characterization
The Virtis freeze drier (SP Industries, USA) was equipped with thermocouples, which were positioned at the base and top of the slurry. Temperature measurements were recorded every 10 seconds during suspension freezing. Set cooling rate refers to the cooling rate of the shelf-ramping lyophilizer; nal set freezing temperature refers to the set temperature of the shelf during the freezing cycle, Figure 2 .
From the thermal curves at the top and base of the slurry, several parameters were obtained: nucleation temperature, cooling rate of the slurry, and freezing time. Nucleation temperature was dened as the temperature which the slurry reached before latent heat release caused the temperature to jump back to equilibrium. If thermal curves did not display the characteristic jump to the equilibrium freezing temperature, no nucleation temperature was recorded at that site. Freezing was considered to be initiated when the nucleation temperature was reached, or, if no nucleation occurred, freezing was considered to be initiated 3 when the thermal curve crossed the equilibrium freezing temperature. The end of freezing was dened as the extrapolated point at which the initial slope of the thermal line changed. Freezing time was measured between these two points. Figure 2 illustrates the parameters measured. 
Statistics
For each lling volume, a sample size of 3 was used. Groups were compared via Student's t with a condence interval of 95%.
Results
Thermal Prole Features
Thermal curves at top and base were sensitive to variations in lling height, Figure 3 . In all cases, regardless of lling height or collagen weight percentage, it appeared that the nucleation was driven by the base of the mold. Once the base nucleated, releasing latent heat, neither the base or the top of the slurry appeared to nucleate again. A temperature gradient was established before and after nucleation, as the base cooled more quickly than the top of the slurry.
Eect of Filling Height
Filling height aected all of the thermal parameters measured, and the trends were consistent between slurries with dierent weight percentages of collagen. In contrast to freezing time, both the local cooling rate of the slurry and the nucleation temperature varied at the top and base. The cooling rate remained relatively constant at the base of the slurry, roughly -0.58°C/min and -0.55°C/min for 1 wt% and 0.5 wt% respectively. However, at the top of the scaolds, the cooling rate decreased signicantly as the lling increased from 5 to 20 mm. Values ranged from -0.48 to -0.33 for 1 wt% collagen slurry and from -0.44 to -0.34°C/min for 0.5 wt% slurry.
The nucleation temperature followed the same trend as cooling rate. At the base, there was no signicant dierence in nucleation temperature with increased lling height, and the average nucleation temperature was -10.34°C for 1 wt% slurry and -8.26°C for 0.5 wt% slurry. At the top of the suspension, the nucleation temperature decreased systematically as lling height increased, Figure 4 . In 1 wt% collagen slurry, the nucleation temperature at the top was reduced signicantly from -5.5 to -2.1°C as the lling increased from 5 mm to 15 mm. The same trend was observed in 0.5 wt% slurries, with a range of -2.83 to -0.5°C. When the lling height reached 20 mm, no nucleation temperature was recorded at the top of the mold for either weight percent collagen.
Scaold Architecture
As with the thermal parameters, as lling height increased, changes were observed in the pore structure of the scaolds. Isotropic, equiaxed pores were observed at the base, regardless of lling height or collagen weight percentage. However, when the lling height reached 20 mm, isotropic, equiaxed pores at the base were replaced by anisotropic planes of pores at the top of the scaolds, Figure 5 . The aligned pores were oriented parallel to the thermal gradient within the slurry observed in the thermal proles in Figure 3 .
Pore size analysis revealed that pore size varied from 90 -160 μm across 1 wt% collagen scaolds. Scaold pore size for 0.5wt% collagen scaolds was signicantly higher than scaolds of 1 wt% collagen at both the top and base, between 120 -170 μm. At the base of the scaolds, where isotropic architecture was always present, the pore size remained constant regardless of lling height, 90μm and 120 μm for 1 wt % and 0.5 wt% scaolds respectively. In both cases, the pore size at the top of the mold increased signicantly as lling increased, reaching a maximum pore size in 15 mm scaolds, Figure 6 . By 10 mm lling, the pore size at the top of scaolds was signicantly larger than the pore size at the base for both collagen concentrations.
At 20 mm lling, the planes of pores were too anisotropic to compare to other pore size measurements.
Discussion Eect of Filling Height on Thermal Parameters
As tissue engineering scaolds seek to mimic specic tissue environments, the need to control scaold structure becomes more and more relevant. Varying the lling height of collagen suspension produced systematic changes in thermal parameters. The insulating mold used during this study was designed to eliminate any temperature gradients except axial gradients, which could be controlled by varying the lling height. In this way, it was ensured that the point where the thermocouple recorded freezing behavior of the slurry was representative of the bulk at that height. The trends observed, which were quantied via thermal proles, were consistent across collagen weight percentages, and thus representative of collagen scaolds in general.
It was found that latent heat release played a pivotal role in determining scaold structure at the top of the mold by warming the slurry after nucleation began. From the proles, primary nucleation occured once within the slurry, and only in the portion of the slurry which was below the equlibrium freezing temperature.
Latent heat release blocked any further stable nuclei from forming via primary nucleation at the top of the mold.
Within this study, as the volume of the slurry increased with lling height, freezing time also increased.
Of all the parameters quantied, only freezing time did not vary at the top and base of the mold. Due to the relatively large thermal conductivity of the ice in the slurry, the latent heat produced during crystalization inuences the temperature across the whole slurry. Hence the freezing temperature was not necessarily indicative of ongoing crystallization at the specic timepoint, but was tied to the removal of the latent heat produced during the crystallization process within the slurry. In literature, freezing time is linked to the amount of liquid which must still undergo solidication, and therefore continues to release latent heat, after the initial nucleation event [17] . Thus, at lower volumes, where a greater proportion of the liquid phase is converted to a solid upon nucleation, less crystal growth is required, resulting in shorter freezing time [6] .
Local cooling rates were sensitive to lling height only at the top of the collagen slurries. During shelframping freeze drying, heat conduction from the top of the suspension must occur through either the mold or the slurry itself. Given the thermally insulating nature of the perspex mold and the ice formed at the base of the mold, the greater the distance from the shelf, the more dicult heat conduction out of the slurry became. Thus, the cooling rate decreased as the lling height increased.
A consequence of the change in cooling rate at the top of the mold was the change in nucleation temperature with lling height. From the thermal proles, the time at which nucleation occurred was dictated by the base of the mold. At the top of the mold, where heat removal was dicult, the nucleation temperature was therefore dependent on how quickly the top of the slurry could cool. When the lling height increased suciently to 20 mm, the slurry at the top of the mold had not yet passed the equilibrium freezing temperature (0°C) and any solid which formed near the top quickly melted again. All of the initial solid formed at nucleation was therefore localized to a small volume at the base of the scaold.
Anisotropic Scaold Structure
The correlation between nucleation temperature and cyrstal structures has been noted previously. In a study on mannitol solutions, nucleation temperatures close to the equilibrium freezing temperature resulted in anisotropic crystal structures [18] . However, as the freezing prole was only recorded at the mid-point of the solutions, rather than, as in the present study, at both the top and base of the solution, it is likely that in [Nakagawa ref] the nucleation temperature at the top of the solution was above the equilibrium freezing temperature when the base of the solution nucleated [18] . The anisotropic, lamellar architecture which was observed within this study developed from ice crystals at the base growing upwards into the liquid slurry as it cooled. The orientation of the lamellar structure parallel to temperature gradient, dominates due to a number of factors including anisotropic growth of ice crystals, eciency of solute exclusion from each crystal orientation, and the nature of the external thermal gradients [19] .
Changes in architecture with cooling rate are not uncommon, especially at very high cooling rates, such as during liquid nitrogen quenching [14, 20] . Ice has a natural inclination to form dendrites, and anisotropic scaolds have been previously observed [21] . However, liquid nitrogen quenching is not always necessary to produce aligned scaolds, as long as the cooling rate is suciently high [22] . Scaolds have been demonstrated to shift from equiaxed pore structures to aligned porosity as the set cooling rate decreased from -0.83°C/min to over -20°C/min [14] .
We have demonstrated that a high cooling rate is not vital to creating axially aligned porosity, but that a large dierence in cooling rates within the liquid is necessary so that the temperature at the slurry top can not reach equilibrium temperature at nucleation. Thus, even though the cooling rates of the slurry in this study did not exceed -0.6°C/min, anisotropic scaold architecture still resulted. Monitoring the local nucleation temperature is therefore key to predicting anisotropy within collagen scaolds regardless of slurry concentration or the external set cooling rate.
Pore Size and Filling Height
Even within isotropic scaolds, pore size at the top of the scaolds was aected by lling height. This phenomenon has been reported in previous literature in systems using mannitol solutions, suggesting that it is a general property of ice crystallization and growth during freezing [18, 23, 6] .
The largest pore size was reported at the top of scaolds with 15 mm lling. At this point, the nucleation temperature was very close to the equilibrium temperature, suggesting that 15 mm was close to the maximum lling which could be achieved before anisotropic architecture would result. Pore sizes ranged from 90 -170 μm, which is well above the reported lower limit for cell culture of 10 -50 μm in diameter [24] . There appeared to be a lower limit on the pore size within scaolds, which occurred at around 90-100 μm, a phenomenon which has been previously reported and attributed to the limiting eect of the glass transition temperature on diusion within a collagen suspension [12] . Scaolds of 0.5 wt% collagen had signicantly larger pore sizes than in 1 wt% scaolds, in agreement with literature, and most likely results from the lower number of heterogeneous nucleation sites within the slurry with decreased collagen content [25, 26] .
General Principles
While our ndings are based on the ice templating of collagen suspensions, the use of directional freezing to create ice templates can be applied to a broad variety of materials systems, including synthetic polymers, pharmaceutical drugs, and ceramics [18, 27, 28] . An important step in designing scaolds with specic architecture, is understanding the interplay between thermal variables of the suspension, such as nucleation temperature, local cooling rate, and lling of the mold in freeze drying systems. While on-going pharmaceutical research has been conducted on this subject for a number of years, the way in which thermal parameters inuence porous scaold morphology is largely unexplored [8, 29] . Most studies have investigated how changes in processing variables, such as set freezing temperature or set cooling rate relate to pore structure. It was only relatively recently that various groups began recording the internal temperature changes within freezing collagen slurries which result in structural changes [11, 12] . Within this study, changes to the local nucleation temperature, mediated by the local cooling rate, were found to be key to the formation of anisotropic scaolds. Thus, it was critical to monitor the local thermal behavior of the slurry to understand how anisotropic ice templating occurs. As the cooling rate of slurry throughout the sample is tied to the ability to remove latent heat, mold design is an important consideration for creating architecture and controlling nucleation.
Conclusions
Local thermal parameters were fount to control the scaold structure during ice templating. The release of latent heat after primary nucleation, which could not be removed quickly. Subsequently blocked further nucleation from occuring. As a consequence, anisotropic scaold structures occurred when the nucleation temperature at the top of the mold was above the equilibrium freezing temperature (0°C) of the slurry. In turn, the nucleation temperature at the mold top was inuenced by the local cooling rate. Changing the weight percentage of collagen within slurries did not aect the trends in local thermal parameters, or the shift from isotropic to anisotropic porosity. As so much depends on the removal of heat within molds, future work will concentrate on using mold design to control the thermal conduction during freeze drying and thus, scaold architecture.
